One contribution of 11 to a discussion meeting issue 'Ocean ventilation and deoxygenation in a warming world' .
All Earth System models project a consistent decrease in the oxygen content of oceans for the coming decades because of ocean warming, reduced ventilation and increased stratification. But large uncertainties for these future projections of ocean deoxygenation remain for the subsurface tropical oceans where the major oxygen minimum zones are located. Here, we combine global warming projections, model-based estimates of natural shortterm variability, as well as data and model estimates of the Last Glacial Maximum (LGM) ocean oxygenation to gain some insights into the major mechanisms of oxygenation changes across these different time scales. We show that the primary uncertainty on future ocean deoxygenation in the subsurface tropical oceans is in fact controlled by a robust compensation between decreasing oxygen saturation (O 2sat ) due to warming and decreasing apparent oxygen utilization (AOU) due to increased ventilation of the corresponding water masses. Modelled shortterm natural variability in subsurface oxygen levels also reveals a compensation between O 2sat and AOU, controlled by the latter. Finally, using a model simulation of the LGM, reproducing data-based reconstructions of past ocean (de)oxygenation, we show that the deoxygenation trend of the subsurface
Introduction
Oxygen is a fundamental resource for aerobic life in oceans, and, as such, any diminution in oxygen levels below some specific thresholds could be disruptive to marine organisms and ocean ecosystems [1] . The last Intergovernmental Panel on Climate Change (IPCC) assessment reports that 'oxygen concentrations have decreased in the open ocean thermocline in many ocean regions' since the 1960s and that 'tropical oxygen minimum zones (OMZs) have likely expanded in recent decades' [2] . The invoked mechanisms at play are a reduction of oxygen solubility due to ocean warming and the combination of reduced ventilation/increased stratification that prevents the penetration of oxygen into the interior of the ocean. Both of these mechanisms are very consistent with the global warming trend, suggesting that deoxygenation will continue with future anthropogenic climate change and would pose a risk to marine ecosystems, in addition to threats associated with ocean acidification, sea-water warming and a reduction in primary productivity [3] [4] [5] [6] .
Global Earth System models (ESMs) have been instrumental in highlighting ocean deoxygenation as a potential future threat to marine ecosystems. Back in 1998, Sarmiento and coauthors [7] simulated the response of ocean biogeochemistry to global warming using a coupled climate-marine biogeochemistry model and showed that oxygen levels in the twenty-first century could decrease by −8 mmol m −3 globally, and by up to −50 mmol m −3 locally. Other modelling studies have followed and confirmed these first simulated trends [8] [9] [10] , including the most recent generation of ESMs used for the last assessment report of the IPCC [11, 12] . These recent models suggest that the deoxygenation trend over the twenty-first century will continue irrespective of the future scenario, with an expected decrease in global ocean O 2 content at the end of the twentyfirst century between −1.81% for the 'optimistic mitigation' scenario (RCP2.6) and −3.45% for the high-emission 'business as usual' scenario (RCP8.5) [3] .
Even if current models agree well on the trend of future global deoxygenation, this is not the case at the regional level in the tropical ocean. There is as yet no consensus on the evolution of subsurface oxygen levels in the tropics (here defined from 200 to 600 m depth) and hence on the evolution of the volume of hypoxic and suboxic waters [3, 11, 13] . Indeed, whereas current observations show that tropical OMZs have probably expanded worldwide over the past 60 years [2, 14] , ESMs simulate increasing oxygen levels in the subsurface tropical Atlantic Ocean and Indian Ocean and disparate changes (increase or decrease depending on the model) in the tropical Pacific Ocean [3] . Cabré et al. [15] focused on the inter-model discrepancies in the Equatorial Pacific and showed that they always hide an almost perfect compensation between the warming-induced decrease in O 2 (i.e. saturation or thermal component) and the increase in O 2 associated with changes in biological productivity and ocean ventilation (i.e. the apparent oxygen utilization (AOU) or non-thermal component). Also focusing on the OMZ in the Eastern Equatorial Pacific, Ito & Deutsch [16] pointed out that the natural variability associated with the El Niño-Southern Oscillation also led to a weak response in subsurface O 2 levels, also resulting from the compensation between changes in O 2 saturation and AOU.
Another way to gain some insights into future ocean deoxygenation is to turn to past climates. Jaccard & Galbraith [17] have compiled marine sediment proxy records over the last deglaciation and have shown some remarkably coherent signals, i.e. clear oxygenation of the deep ocean but deoxygenation of the upper 1500 m of the ocean throughout the deglaciation. As for future projections, these changes illustrate the potential role of ocean ventilation and marine ecosystem changes in driving O 2 changes. Indeed, a simple solubility control of oxygen levels in the ocean
would not explain the contrasted changes between the upper and deeper oceans. Jaccard & Galbraith [17] hypothesized that the trend in subsurface oxygen levels (i.e. deoxygenation through deglaciation) may have been caused by an increase in carbon export from the surface layers that would have increased oxygen consumption in the subsurface ocean.
The approach we follow in this study is directly inspired from the proposal of Jaccard et al. [18] , that is, to confront future projections of ocean deoxygenation with past geological changes, as a way to gain a perspective on how ocean oxygenation responds to large-scale climate change and variability. To do so, we build upon the work of Bopp et al. [3] and Cabré et al. [15] and analyse future projections of ocean deoxygenation, but we contrast them with past changes of ocean oxygenation from the Last Glacial Maximum (LGM) 21 000 years ago. We focus here mostly on ocean oxygenation in the subsurface waters of the tropical ocean, where ESMs do not project consistent future trends, and we compare these trends with trends at the surface and in the deep ocean. We first make use of the ESMs from the Coupled Model Intercomparison Project phase 5 (CMIP5) ensemble used by Bopp et al. [3] , and apply a decomposition of the O 2 change signal into its saturation (O 2sat ) and AOU components,
We apply this framework to future trends under the high-emission Representation Concentration Pathway 8.5 (RCP8.5) and contrast them with changes expected from natural variability exploiting multi-century-long pre-industrial climate simulations ( §3). We then examine oxygen changes and their O 2sat /AOU decomposition during past climates using an LGM simulation realized with one of the above-mentioned CMIP5 models (IPSL-CM5A-LR) and data-based reconstructions of past oxygenation ( §4). Finally, we give some perspectives on how future oxygenation changes can be interpreted in a larger time-scale context, by contrasting future and deglacial (de)oxygenation signals ( §5).
Material and methods (a) CMIP5 models and simulations
We use simulations from nine ESMs from the CMIP5. The selection of models is based on the same subset as the one used in Bopp et al. [3] (see table 1 in Bopp et al. [3] We quantify oxygenation changes due to short-term natural variability using the pre-industrial control experiments called piControl performed with the same nine CMIP5 ESMs. Pre-industrial experiments diagnose the Earth System internal variability at interannual to multi-decadal time scales in the absence of anthropogenic (fossil fuel emissions, etc.) or external (volcanoes, etc.) forcing. Here, we considered the last 500 years of these pre-industrial experiments except for NorESM1-ME, which only provides 256 years.
All model outputs (RCP8.5 and piControl) have been regridded on a common 1 • × 1 • grid and to standard ocean depths using a Gaussian-weighted average. A robustness index for oxygen future trends is defined when at least 80% of models agree on the sign of the mean change (robustness index larger than 1), again similar to Bopp et al. [3] . 
(b) Palaeoclimate simulations
In addition to the control, historical and future projection simulations, we also use palaeoclimate simulations performed with the IPSL-CM5A-LR ESM [19] with the same model version as the one used for the entire CMIP5 exercise. These simulations for the periods of the mid-Holocene (MH; ca 6000 years ago) and the LGM (ca 21 000 years ago) were performed according to the CMIP5/PMIP3 protocol ( [20] ; http://pmip3.lsce.ipsl.fr).
The main forcing for the MH simulation is an insolation change resulting from modifications in astronomical parameters that favour an enhanced seasonal cycle in the Northern Hemisphere. The MH simulation used here is described in detail in Kageyama et al. [21] and we use the last 100 years of this 1000 year simulation.
The main forcings for the LGM simulation are lowered greenhouse gas concentrations and imposed LGM ice sheets. The LGM ice sheets have an impact on the land-sea distribution, topography and continental surface type. Astronomical parameters are also set to their appropriate values but this is not a very strong change compared with the present-day ones. The resulting simulation (described in Kageyama et al. [21] and distributed as part of CMIP5/PMIP3), which has been run for 1100 years starting from pre-industrial conditions, simulates a very strong Atlantic Meridional Overturning Circulation (AMOC), with North Atlantic Deep Waters reaching the bottom of the North Atlantic ocean. This is not very realistic compared with the current understanding of the North Atlantic circulation that emerges from a portfolio of palaeodata [22] , even if the intensity of the glacial AMOC is still debated [23] . We have, therefore, (i) continued this simulation, which still displays a very strong AMOC, on the new supercomputer at our disposal and (ii) perturbed this strong AMOC simulation with a 0.2 Sv fresh-water flux imposed in the North Atlantic between 50 • N and 70 • N, which could be seen as an additional forcing mimicking calving fluxes from the large Northern Hemisphere ice sheets. After 200 years of hosing, the AMOC is less intense (at 6 Sv), with a boundary between the clockwise Glacial North Atlantic circulation and anti-clockwise Antarctic Bottom Waters located at around 1500 m depth in the whole Atlantic Ocean. It is this perturbed simulation which is studied here. Because this LGM simulation has not been described in detail elsewhere, we provide here in the electronic supplementary material a few additional diagnostics, showing Atlantic zonal stream functions for the LGM and the MH (electronic supplementary material, figure S4 ), the temporal evolution of the AMOC over the course of the LGM simulation (electronic supplementary material, figure  S5 ) and some model-data comparison plots (electronic supplementary material, figures S6 and S7) using proxy-based reconstructions of sea-surface temperature [24] , surface air temperature [25] , and deep-sea temperatures and salinities [26] . Overall, the LGM simulation performs well when compared with surface reconstructions (sea-surface temperature, surface air temperature; electronic supplementary material, figure S6, and [27] for CMIP5/PMIP3 models), but, as for most of the CMIP5/PMIP3 LGM simulations, it fails to reproduce the cold and salty waters suggested by the reconstructions in the glacial Atlantic Ocean (electronic supplementary material, figure S7 ).
Here, we use the last 50 years of this LGM 450 year simulation (electronic supplementary material, figure S5 ) to depict the LGM state, and we contrast this LGM state with the MH one using the MH simulation described above. All changes shown and discussed below are computed from the LGM to the MH.
(c) Palaeoclimate data
To gauge our palaeoclimate simulations in terms of ocean oxygenation changes, we make use of the recent multi-proxy compilation of Jaccard & Galbraith [17] , reconstructing the past oxygenation state of the ocean over the last deglaciation. Reconstruction of past oxygenation is based on the analysis of sedimentary proxies of benthic oxygen levels. These proxies record modifications of the redox state at the sediment interface and are based on the presence/absence of laminations, on the assemblages of benthic foraminifera species and on redox-sensitive trace metals such as manganese and uranium. Because all these proxies have their shortcomings and
are sensitive to different O 2 levels, Jaccard & Galbraith [17] have included all three types to infer a relatively robust but only qualitative estimate of past changes in ocean oxygenation. Overall, the variations in past ocean (de)oxygenation have been analysed from this multi-proxy compilation for three distinct time intervals, i.e. from the LGM to Heinrich Stadial 1 (HS1), from HS1 to the Bølling-Allerød/Antarctic Cold Reversal (BA/ACR) and from the BA/ACR to the MH [17] . Because of the palaeoclimate simulations available, we focus here exclusively on the entire deglaciation period, i.e. from the LGM to the MH. For this time interval, the multi-proxy compilation includes of the order of 70 proxy records of ocean oxygenation (changes from the LGM to the MH). Note that the compilation is biased towards the Indian Basin and Pacific Basin and towards continental margins [18] .
Future warming-induced (de)oxygenation
In response to the RCP8. At mid-and high latitudes, O 2sat and AOU reinforce each other, as expected from increasing sea-surface temperature (decreasing solubility) and reduced ventilation/increasing stratification. In the tropics, however, the O 2sat and AOU components compensate each other so that the resulting O 2 change is relatively small compared with the individual components ( figure 1 (b) Short-term variability O 2 variations associated with short-term variability (defined as two times the standard deviation) range between 0 mmol m −3 in the core of OMZs and more than 30 mmol m −3 in mid-latitude hot spots in the Northwest Pacific (figure 1d). As for future trends, we find that AOU variations largely explain the pattern of O 2 natural variability at the subsurface and that O 2sat variations partly compensate the AOU signal in the tropics [15, 29] but re-inforce it at mid-and high latitudes (figure 1d-f ; electronic supplementary material, figure S2) .
The magnitude of natural short-term variability of oxygen levels in the subsurface ocean has been a focus for some recent modelling studies in which the authors have explored the time of emergence (or detectability) of subsurface O 2 trends [30] [31] [32] . We find that the warminginduced change expected by the end of the twenty-first century exceeds the magnitude of natural short-term variability (at the two-sigma level) in most of the subsurface ocean at mid-and high latitudes ( figure 1d) . By contrast, we find that O 2 natural variations surpass the projected trends in tropical OMZs where warming-induced trends are weak due to the AOU/O 2sat compensation
( figure 1b-d) and in regions of strong O 2 spatial gradients sensitive to AOU changes on shorter time scales, i.e. at the edge of OMZs and along ventilation pathways by mode and intermediate waters at mid-latitudes and by deep waters at high latitudes ( figure 1d-f ) . The question of the emergence of a climate-driven (de)oxygenation signal is still largely debated in the literature, with a recent study by Frölicher et al. [4] showing that only a small fraction of the ocean area (i.e. 23%) may emerge from the noise by the end of the century under the RCP8.5 scenario.
(c) Ventilation controls non-thermal future changes
The spatial distribution of non-thermal or AOU changes explains the spatial distribution of the O 2 response to climate change at the subsurface (figure 1). Here we examine the biological and physical factors controlling AOU. A reduction in biological export production would drive a decrease in AOU through reduced biological O 2 consumption (or oxygen utilization rates (OURs)) at depth. In parallel, an increase in ventilation or a decrease in ocean stratification would also reduce AOU without invoking any change in biological export.
At first sight, the simulated reduction in export production, which is quite prominent in the tropics for most model projections [3, 33] , could be thought to be responsible for the decrease in AOU (figure 2a). However, we find no inter-model relationship between export changes and AOU over the tropical subsurface ocean (20 • S to 20 • N, 200-600 m; figure 2b). Some models with very little change in export production project a large decrease in AOU (e.g. Geophysical Fluid Dynamics Laboratory (GFDL) models), whereas some models with a large reduction in export production only produce a small change in AOU (e.g. HadGEM2-ES). Changes in AOU are, therefore, likely to be explained by changes in ventilation, i.e. changes in O 2 transport by the ocean circulation and mixing.
A detailed and quantitative analysis of all O 2 transport terms and their changes is not possible due to the lack of these diagnostics in the CMIP5 model output. However, we can explore the relationship between changes in ventilation and changes in AOU for the models providing ocean ventilation ages. This is the case for the GFDL models. Figure 2c ,d shows the changes in AOU and in an ideal age tracer in the subsurface ocean, as simulated with GFDL-ESM2G in the 2090s compared with the 1990s. These two fields show a very high spatial correlation, with a Pearson's correlation coefficient R of 0.89 (p < 0.0001), indicating a tight control of AOU by ventilation changes. In the tropics, subsurface ventilation ages are reduced by an average of 34 years (from an average age of 382 years in the 1990s to 348 years in the 2090s), illustrating the substantial increase in subsurface ventilation with anthropogenic climate change. Although we do not have access to ventilation ages for the other CMIP5 models, the absence of a clear relationship between changes in export and changes in AOU (figure 2b) suggests that the increase in ventilation controls AOU changes for all or most of the models analysed here.
Several warming-induced modifications of ocean mixing and circulation could be pointed out to explain these AOU changes. With a previous version of the GFDL ESM (GFDL-ESM2.1), Gnanadesikan et al. [34] have analysed the processes behind the drop in ventilation time (and the subsequent increase in oxygen in the subsurface tropical Pacific). They have highlighted the role of an increase in ocean ventilation along Chile and a subsequent increase in oxygen supply due to lateral diffusion at depth. Other mechanisms/processes, the effects of which on subsurface oxygen are yet not clear, may include a deepening of the Equatorial pycnocline, mostly on the Eastern side of the ocean basins [35] , an acceleration of the Equatorial Under Current [36] , or an acceleration of the subtropical gyres [37] . But the most elegant explanation of a general rejuvenation of subsurface waters in response to climate change has been proposed by Gnanadesikan et al. [38] . They combine idealized one-dimensional simulations and global coupled simulations using an ideal age tracer and explore the impact of increased stratification and decreased ventilation. 
(De)oxygenation throughout the last deglaciation
Palaeoclimate records of ocean oxygenation have been used to show how oceanic oxygen levels have varied in response to past episodes of climate change. This is the case, in particular, for the last deglaciation, for which Jaccard & Galbraith [17] have revealed a clear de-oxygenation trend of the upper ocean (and hence an expansion of low-oxygen waters in the Pacific Basin and Indian Basin) concomitantly with an overall oxygenation of the deeper ocean. Despite the fact that these past changes were much slower than the current ones, they offer an interesting perspective on future ocean deoxygenation.
(a) Model-data comparison
Due to the limited number of data points in the reconstruction we use here, we have not attempted to perform a point-by-point co-localized model-data comparison. In addition, because the simulated changes in oxygen levels between the LGM and the MH as simulated by IPSL-CM5A-LR show a certain homogeneity regardless of the longitude, we perform this comparison on a zonal average basis, as shown in figure 3 . Figure 3 shows the zonal-mean changes in oxygen concentrations in the three major ocean basins from the LGM to the MH, using the two snapshot simulations described in the Material and methods section. All ocean basins show a very striking contrast between the deep and upper oceans. The simulated deep ocean gains oxygen from the LGM to the MH, with a mean increase When the multi-proxy data compilation of Jaccard & Galbraith [17] is plotted on top of the simulated changes (figure 3), the overall comparison is rather satisfying, with the same contrast between the upper and deep oceans. If we consider the 68 records that display a significant trend (increase or decrease) from the LGM to the MH, the model reproduces the same trend for 48 of them (i.e. for 76% of the core locations). The main mismatches are located in the North Pacific, where the model simulates an oxygenation trend northward of 40 • N opposite to the deoxygenation signal from the proxy records, and in the northern Indian Ocean (in fact in the Arabian Sea), where the model simulates a deoxygenation trend opposite to a clear oxygenation signal from the data. Note that all coarse resolution models have difficulties in reproducing low oxygen concentrations for the present day in these two regions (see [3] for CMIP5 models, and [39] for IPSL-CM5A-LR specifically). or by some modifications of ocean ventilation. The deglacial increase in oxygen levels in the deep ocean is consistent with increased ventilation during that time interval, as shown by some circulation proxy records such as radiocarbon data [40] . But it is also consistent with a reduction of the sinking flux to the deep ocean as suggested by Jaccard & Galbraith [17] . Combining deep O 2 reconstructions with some proxy indicators of biological export production and of deep ventilation ages for a sediment core in the South Atlantic, Gottschalk et al. [41] have attributed the de-glacial oxygenation signal to a combination of physical (increased ventilation) and biological (reduced export) drivers.
The deglacial deoxygenation of the upper layers however has to be explained by a reduction in ocean ventilation for the corresponding water masses or by an increased remineralization of organic material in these depth layers. Jaccard & Galbraith [17] have discussed these different hypotheses. They show that the deglacial deoxygenation signal of the upper ocean was mostly localized in the Indo-Pacific oceans, even if it were due to increased sensitivity of sedimentary oxygenation proxies to low O 2 levels. They also showed that the signal was most pronounced during a rather brief time interval from the HS1 to BA/ACR transition, which was characterized by a large and abrupt warming in the Northern Hemisphere. They suggest in addition that the main driver of this intense deoxygenation could have been linked to an increase in surface production, in carbon export and in oxygen consumption at depth, caused by an increased nutrient supply associated with a shoaling and intensification of the thermocline [42] .
Here, to disentangle these two combined effects (ventilation and biology), we analysed the changes in ventilation ages together with the changes in AOU. Figure 4b shows a very clear correspondence between AOU and ventilation changes, suggesting that AOU changes are mostly driven by these ventilation changes (see the electronic supplementary material, figure S3 , for the other basins). This is in agreement with the close correspondence between the reconstructed global qualitative changes in oxygenation and proxies for deep ocean ventilation as reported by Galbraith & Jaccard [43] . In the deep Southern Ocean for instance, the decrease in AOU by more than 50 mmol m −3 is parallel to a reduction in the ventilation age by more than 700 years. In the subsurface tropical ocean, AOU increases by up to 50 mmol m −3 from the LGM to the MH (which is the main cause of the deoxygenation signal), whereas the simulated ventilation age increases by more than 50 years. We have not analysed in detail the dynamical changes from the LGM to the MH as simulated by IPSL-CM5A-LR, but some of the prominent features, such as (i) a • S and 90
• N). Blue depicts LGM changes relative to MH, red RCP8.5 projected changes relative to modern conditions. Grey/black ellipses show short natural term variability and are based on 95% of the internal variability of O 2sat and AOU for the four depth levels.
re-invigoration of the AMOC from 6 to 11 Sv at the MH and (ii) an increase in Antarctic Bottom Waters (electronic supplementary material, figure S4 ), are clearly consistent with the changes in ventilation that we discuss above. The use of proxies of past ocean circulation, such as 14 C, PaTh or ε N d, and a direct model-data comparison using these simulated proxies, would give a much better estimate of the realism of this specific LGM past ocean circulation.
Conclusion and perspectives
Past changes do not represent a priori a direct constraint for future ocean (de)oxygenation. It is evident for instance that the last deglaciation has been much slower than the recent century-scale warming and that it started from a very different initial state. That said, the combined analysis of future and deglacial changes, as suggested recently by Jaccard et al. [18] , offer some interesting insights into the use of ESMs for projecting ocean deoxygenation. They offer in particular an interesting look at the controls of the changes in dissolved oxygen in response to some climate change episodes. Figure 5 displays a combined view of O 2 changes across the different time periods, as simulated by the ensemble of CMIP5 models (for the projected trends and the shortterm natural variability) and by the IPSL-CM5A-LR ESM (for the last deglaciation). The changes in O 2 are broken down into the O 2sat and AOU components.
First, using a similar model to the one used for future projections, we show that it is indeed possible to reproduce the broad changes in oxygen concentration from the LGM to the MH, i.e. deoxygenation of the subsurface ocean/oxygenation of the deep ocean along the deglaciation. Second, we show that there is a consistent and major role of AOU and ventilation changes in driving the resulting changes in dissolved O 2 , in the deep and the global ocean, and across the different periods considered here, that is from the LGM to future projections ( figure 5) . Third, we
show that compensation between AOU and O 2sat may differ between climate periods: whereas they compensate each other for future trends in the subsurface tropical oceans, they tend to reinforce each other at the LGM. And oppositely, whereas they re-inforce each other for future trends in the deep ocean, they tend to compensate at the LGM. Fourth, the evolution of the subsurface tropical ocean over the next decades stems from the only time scales where O 2sat and AOU almost perfectly compensate so that changes in O 2 are relatively modest, making these changes harder to detect (AOU and O 2sat reinforce each other during the last deglaciation and only partly compensate on shorter time scales, figure 5) .
Several lines of work following what is presented here can be proposed. They would fill in some of the gaps and shortcomings inherent to what is exposed here.
-A more quantitative analysis of O 2 changes in the subsurface tropical ocean would be needed to more precisely attribute oxygen changes to potential modifications in ocean ventilation and biology. To be able to do so properly, we clearly advocate that all simulations for the next phase of CMIP now include an ideal age tracer, as well as diagnostics of all transport terms for oxygen. -Even if clearly needed, a focus on OMZs is still difficult at this stage, because of the very large discrepancies for all models when comparing the simulated OMZs with observations [15] . This partly explains our strategy to focus on the large-scale signal of the subsurface tropical ocean. With an increase in spatial resolution in the future generation of ESMs, there is some expectation that the realism of the representation of OMZs will largely improve in the coming years [44] , hence offering a better way of investigating the response of OMZs to climate change. -Measurements of oxygen concentration over the last decades have been used to conduct model-data comparisons of the trends in O 2 concentrations [45] [46] [47] . The combined use of O 2 and of other tracers (e.g. temperature) could enable a direct estimate from the data of the contributions from the different mechanisms driving O 2 changes (solubility, ventilation, biology), as attempted by Helm et al. [48] . -It would be very interesting to pursue the kind of analysis we propose here with multicentury-scale projections [49] to see if the compensation between O 2sat and AOU in the subsurface tropical ocean is only a transient feature. -Last but not least, the analysis of past climate simulations and a comparison between the last deglaciation and future projections has been possible in this work thanks to one model of the CMIP5 ensemble. The combined use of past climate and future projection simulations for all models could enable some emergent constraint relationships to be derived (see [50] for a review of emergent constraint applied to cloud feedbacks) and hence potentially reduce future model uncertainties on ocean deoxygenation.
Data accessibility. All CMIP5 simulations used here can be accessed through the ESGF portal for CMIP5
at http://pcmdi9.llnl.gov. Outputs from the IPSL-CM5A-LR LGM simulation used here, which are not distributed through CMIP5, can be obtained by contacting Masa.Kageyama@lsce.ips.fr.
